Recently, it has been theoretically predicted that Sb 2 Te 3 and related materials are 3D topological insulators, a phase of matter that has a bulk bandgap and gapless electronic surface states protected by time-reversal symmetry. We report on low temperature magnetoresistance measurements on single crystalline Sb 2 Te 3 nanowires with different cross sectional areas and high surface-to-volume ratios, synthesized via catalytic growth. The observation of Aharonov-Bohm oscillations and weak antilocalization indicates the presence of topological surface states. V C 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4809826] Topological insulators (TIs) represent a new state of quantum matter with a bulk band gap and gapless surface states that are protected against backscattering by timereversal symmetry induced by strong spin-orbit coupling. 1 Theoretical predictions of materials such as Bi 2 Se 3 , Bi 2 Te 3 , and Sb 2 Te 3 being TIs 1,2 have been experimentally confirmed by angle resolved photoemission spectroscopy (ARPES) measurements. [2] [3] [4] Up to now, it has been difficult to observe surface states in TIs via electronic transport measurements because of the dominant bulk contribution to conductivity arising from unintentional doping and the small bulk band gaps typical for TI materials. However, low-dimensional solids such as nanowires (NWs) are expected to significantly enhance the contribution of surface states to electrical transport due to their large surface-to-volume ratios. Recently, Aharonov- . The growth substrate (Si with native oxide, covered with 30 nm gold nanoparticles purchased from Ted Pella, which serve as catalysts for the growth of NWs) was located in a temperature region of T % 390-400 C. At a base pressure of 10 Torr, a constant flow of Ar carrier gas (80 sccm) was used to transport the precursor vapors to the substrate where wire growth took place. 12 Before synthesis, the charged furnace was evacuated to below 10 Torr and flushed several times with Ar gas to obtain an inert atmosphere. After a reaction time of 4 h, the heating power was switched off. Under constant Ar flow and pressure, the furnace was returned to room temperature by natural cooling.
The dimensions of the NWs were determined by atomic force microscopy (AFM) and scanning electron microscopy (SEM). Fig. 1(b) ). Further, the EDX results show that contrary to as-grown bismuth telluride NWs recently synthesized via catalytic growth in the same tube furnace, 13 Sb 2 Te 3 NWs exhibit no tellurium depletion near the NW surface. The as-grown NWs were mechanically transferred onto Si substrates with 300 nm SiO 2 . Electrical contacts for current injection and voltage detection across the NWs were defined using a laser-lithography system (Heidelberg Instruments lPG 101). In order to remove any photoresist residues or surface oxide, in-situ sputter etching with Ar was used prior to the sputter-deposition of Ti (5 nm) and Pt (80 nm), followed by a lift-off process. A typical device used for electrical measurements is shown in Fig. 1 By comparing two-terminal and four-terminal measurements on our Sb 2 Te 3 NWs, contact resistances were found to be negligible. Thus, the modulations on top of the magnetoresistance curves result exclusively from the Sb 2 Te 3 NWs. The linear IV-curves confirm that the electrodes form Ohmic contacts to the NWs over the whole temperature range, which is shown in Fig. 2(a) . All electrical measurements were performed in a variable temperature cryostat system (Quantum Design PPMS) with a base temperature of 2 K in helium atmosphere, equipped with a 9 T magnet. The resistance of the NWs was determined by standard lock-in techniques.
We studied the transport properties of three individual Sb 2 16 Minor differences in growth conditions such as the gold colloid size, the amount of elemental powders, and growth temperature therefore appear to have a strong influence on the electronic properties of the resulting NWs. Fig. 2(a) shows a typical resistance versus temperature curve at zero magnetic field. In the temperature range of 5-300 K, the resistance decreases with decreasing temperature, indicating a metallic behaviour, in which inelastic phonon scattering dominates. 5, 6, 13 Below around 30 K, the slope changes noticeably until the resistance saturates at around 5 K, presumably due to the absence of inelastic phonon scattering, 6 so that transport is dominated by impurity scattering of the charge carriers. field resistance dip and the oscillations, are symmetric around zero field and smear out with increasing temperature. In Figure 2(d) , the magnetic field position of resistance minima versus index n and the related magnetoresistance after subtracting the smooth background are plotted for the three measured NWs. The index plots show a high degree of linearity, indicating that the oscillation period remains constant up to 69 T. We assume that these oscillations arise from the Aharonov-Bohm effect, 18 which is a consequence of quantum interference when charge carriers encircle closed trajectories. For NWs, such AB oscillations are predicted when charge carriers retain phase coherence around the perimeter of the NW and therefore enclose a magnetic flux U 0 ¼ h/e, where h is Planck's constant and e is the unit charge. [5] [6] [7] The enclosed area A is associated with the period of DB ¼ U 0 /A. The corresponding areas from the AB oscillation periods (NW 1: À15 m 2 ) to within measurement accuracy and therefore indicate the presence of surface states. The AB oscillations, which are pronounced at 2 K, are damped with increasing temperature and vanish between 4 K and 6 K, as seen in Fig.  2(b) . Thermo-cycling indicates that the samples are highly robust. Even after three cycles, the AB oscillation period remains the same (1 cycle ‫-‬ heating up to 300 K and cooling down to 2 K). Furthermore, note that the surface states travel along different interfaces (TI-vacuum, TI-substrate) on their paths around the NWs. The AB oscillations are superimposed on a slowly varying background, as is clearly seen in Figs. 2(b)-2(d) . These background features in the magnetoresistance could result from bulk states, Universal Conductance Fluctuations (UCFs) or from the Shubnikovde-Haas (SdH) effect. 19, 20 In a simple two band model, the magnetoresistance shows a parabolic increase for small magnetic fields. 12 This behaviour has been observed in Sb 2 Te 3 NWs, Sb 2 Te 3 crystals and bulk Sb 2 Te 3 for low magnetic fields. 12, [21] [22] [23] Comparing the magnetoresistance background of the three measured NWs (Fig. 2(c) ) indicates a suppression of the parabolic bulk contribution for higher surface-tovolume ratios (as seen for NW 1 and NW 2 ), thus the AB oscillations are more pronounced.
The sharp dip in the magnetoresistance around B ¼ 0 T is attributed to the weak antilocalization effect, which is consistent with the presence of strong spin-orbit coupling reported in Sb 2 Te 3 thin films, arising from TI surface states. 10 WAL is suppressed when time-reversal symmetry is broken by a magnetic field. This leads to a correction factor Dr to the conductivity, which can be described in the 2 dimensional case by the Hikami-Larkin-Nagaoka formula 24 DrðBÞ ¼ a e
where w(x) is the digamma function and L U is the phase coherence length. The prefactor a results in the following values: a ¼ 0 when magnetic scattering is strong, a ¼ 1 when spin-orbit interaction and magnetic scattering is weak or absent, a ¼ À1/2 when spin-orbit interaction is strong and there is no magnetic scattering. 24 Since the surface states are attributed to strong spin-orbit coupling and to a higher charge carrier mobility as compared to bulk, one can classify a single surface conducting channel by a ¼ À1/2. [9] [10] [11] [25] [26] [27] Usually, the prefactor a covers a wide range in experiments, because the observed WAL is a collective result from both the WAL of the surface channels and WL of the bulk channels. 25 Therefore, a clear separation of bulk and surface contribution to the prefactor a is difficult.
The WAL effect in the three measured NWs is analysed by fitting the low-field magnetoconductivity with the Hikami-Larkin-Nagaoka formula. However, it should be noted that the geometry of a NW with surface states, corresponding to a curved 2 dimensional electron system, differs from a planar 2 dimensional system. The resulting prefactor a of NW 1 (a ¼ À0.49) and NW 2 (a ¼ À0.49) support our hypothesis of surface state dominated transport in these NWs. Whereas for NW 3 with the lowest surface-to-volume ratio a ¼ À0.42 slightly differs from À1/2, suggesting a minor bulk contribution, which is consistent with the results of the AB analyses. The extracted temperature dependence of L U is plotted in Figure 3 for NW 1. The coherence length L U increases from 77 nm to 413 nm as T is reduced from 20 K to 2 K. Indicated by the solid line in Fig. 3 , L U is proportional to T À1/2 , which is expected for a 2-dimensional electron system. 10, 28 Comparing L U with the perimeter of NW 1 (u ¼ 268 nm), it can be seen that between 4 K and 6 K L U is in the range of the NW's perimeter. In this temperature range, the AB oscillations occur in the magnetoresistance (Fig. 2(b) ), which suggests the beginning of charge carrier coherence around the NW's perimeter. Similar behaviour was observed for NW 2, whereas L U for NW 3 at 2 K is approximately 16% lower than its perimeter, presumably due to bulk contribution. The results of the Hikami-LarkinNagaoka model are consistent with the AB analyses for NW 1 and NW 2 which also have high surface-to-volume ratios.
In summary, single crystalline Sb 2 Te 3 NWs with high surface-to-volume ratios were synthesized via catalytic growth. Magnetoresistance measurements with the magnetic field parallel to the NW axis were performed at temperatures down to 2 K for three Sb 2 Te 3 NWs. Periodic AharonovBohm oscillations in magnetoresistance up to 69 T were observed. Areas extracted from the AB oscillations are in excellent agreement with the geometrical cross sectional areas of the respective NWs. The sharp dip in magnetoresistance around zero magnetic field can be attributed to weak antilocalization and is consistent with strong spin-orbit coupling. These findings indicate the presence of topological surface states. Interestingly, WAL and AB oscillations were most pronounced in NWs with small cross-sectional areas, which is consistent with the idea that the bulk contribution to conductivity is strongly suppressed for large surface-to-volume ratios. This work provides a promising starting point for further investigation of surface states in topological insulator Sb 2 Te 3 NWs. This work was supported by the German science foundation (DFG) via the German priority program SPP 1386, "Nanostructured Thermoelectrics" as well as within the Graduiertenkolleg 1286 "Functional Metal-Semiconductor Hybrid Systems." We thank L. Akinsinde, J. Kimling, and R. Meißner for technical support.
